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ABSTRACT

Background: Obesity is a worldwide epidemic in children and
adolescents. Adult cohort studies have reported an association be-
tween higher body mass index (BMI) and increased leukemia-
related mortality; whether a similar effect exists in childhood
leukemia remains controversial.

Objective: We conducted a meta-analysis to determine whether
a higher BMI at diagnosis of pediatric acute lymphoblastic leuke-
mia (ALL) or acute myeloid leukemia (AML) is associated with
worse event-free survival (EFS), overall survival (OS), and cumu-
lative incidence of relapse (CIR).

Design: We searched 4 electronic databases from inception through
March 2015 without language restriction and included studies in
pediatric ALL or AML (0-21 y of age) reporting BMI as a predictor
of survival or relapse. Higher BMI, defined as obese (=95%) or
overweight/obese (=85%), was compared with lower BMI [non-
overweight/obese (<85%)]. Summary risk estimates for EFS, OS,
and CIR (ALL only) were calculated with random- or fixed-effects
models according to tests for between-study heterogeneity.
Results: Of 4690 reports identified, 107 full-text articles were eval-
uated, with 2 additional articles identified via review of citations; 11
articles were eligible for inclusion in this meta-analysis. In ALL, we
observed poorer EFS in children with a higher BMI (RR: 1.35; 95%
CI: 1.20, 1.51) than in those at a lower BMI. A higher BMI was
associated with significantly increased mortality (RR: 1.31; 95% CI:
1.09, 1.58) and a statistically nonsignificant trend toward greater
risk of relapse (RR: 1.17; 95% CI: 0.99, 1.38) compared with
a lower BMI. In AML, a higher BMI was significantly associated
with poorer EFS and OS (RR: 1.36; 95% CI: 1.16, 1.60 and RR:
1.56; 95% CI: 1.32, 1.86, respectively) than was a lower BMI.
Conclusion: Higher BMI at diagnosis is associated with poorer
survival in children with pediatric ALL or AML. Am J
Clin Nutr 2016;103:808-17.

Keywords obesity, pediatric leukemia, relapse, survival, nutritional
status
INTRODUCTION

Leukemia is the most common pediatric malignancy, currently
contributing up to one-third of all newly diagnosed childhood

cancers each year, with a steadily rising incidence over past
decades (1). Acute lymphoblastic leukemia (ALL)12 and acute
myeloid leukemia (AML) constitute the 2 most common forms
of childhood leukemia; together, they represent >95% of leu-
kemia in children (0-14 y of age) and ~90% of adolescent (15—
19 y of age) leukemia (1). Epidemiologic studies frequently have
used BMI to define obesity and explore its association with cancer
risk and mortality (2-4). In adults, studies repeatedly have dem-
onstrated that a higher BMI is positively associated with both the
incidence of leukemia (4, 5) and leukemia-related mortality (3, 5).
In children, controversy remains about whether and how child-
hood obesity might similarly affect leukemia therapy and sur-
vival. In 2005, Lange et al. (6) published the first report detailing
the adverse influence of BMI on treatment-related mortality
(TRM) during intensive chemotherapy for pediatric AML. Sub-
sequently in 2007, the first report on pediatric ALL described
poorer event-free survival (EFS) in a large cohort of obese children
compared with those who were nonobese (7). After these 2 land-
mark studies in pediatric leukemia, multiple analyses from in-
ternational consortia have since described inconsistent associations
between obesity and leukemia survival (8—18), raising uncertainty
as to whether such a relation exists and, if so, to what extent.

A recent first attempt to reconcile these differences via meta-
analysis (19) further complicated interpretation of the data
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through inclusion of a wide variety of leukemia types, therapeutic
modalities (e.g., stem cell transplant), and differences in baseline
survival rates between high- and low-income countries from
differential access and standards of care (20, 21). Moreover, older
age (defined as =10 y old) is not only associated with an in-
creased prevalence of obesity (22), but also with an increased
risk of relapse and poorer survival in pediatric ALL (23). The
potential interaction of age, obesity, and survival in pediatric
leukemia thus remains unaddressed. The current approach fo-
cuses on an international but similarly treated population to
clearly establish whether an association exists between obesity
and leukemia relapse, mortality, and treatment-related toxicity
(TRT). With the dissemination of the Western diet and lifestyle
leading to a marked increase in the global prevalence of child-
hood overweight and obesity (22), and the corresponding rise in
the incidence of obesity-associated cancers internationally (24),
whether overweight or obesity as indicated by higher BMI
affects survival in pediatric ALL and AML continues to be
a controversial and key question.

METHODS

Literature search

Our methodology followed the guidelines set forth by the
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (25). The electronic databases of PubMed, Ovid
Medline, the Cochrane Library, and Embase were searched from
inception through March 2015 with the assistance of a library
scientist. Our search strategy included MeSH terms and text
related to obesity and body composition, ALL or AML, and
treatment outcomes (survival, relapse, toxicity). The search
strategy for MEDLINE, Embase, and Ovid MEDLINE are in-
cluded in the Supplement (Supplemental Table 1). Our search
was limited to studies of human subjects without any language
restriction. All references were compiled into an EndNote (X7)
library for review of titles and abstracts by 2 independent au-
thors (EJL and DA). Subsequent manual review of citations was
performed with the inclusion of additional manuscripts that met
the eligibility criteria below. Any disagreement was resolved by
a final consensus (EO, EJL, and JMG).

Eligibility criteria

Our search strategy retained studies that reported on children
and adolescents from birth to 21 y of age (inclusive) diagnosed
with ALL or AML who were treated with pediatric regimens that
reported the effect of weight on treatment outcomes, specifically
EFS, mortality and overall survival (OS), cumulative incidence of
relapse (CIR), and TRT. Acute promyelocytic leukemia was
excluded from the analysis because of its discrete biology and
treatment (26). As per above, the analysis was limited to reports
from high-income countries [as classified by the World Bank
2014 (27)] because of the fact that variable access to recom-
mended medical and nutritional supportive oncology care affects
survival in low- and middle-income countries (20, 21). Case
reports, reviews, and reports that focused on obesity in cancer
survivors or solely in adults were excluded. There was no ex-
clusion by study date or date of publication. The results of the
search strategy are presented in Figure 1.

Data extraction

Extracted data of interest included country of publication, year,
demographic data (sex, age, and ethnicity), leukemia phenotype
and treatment regimen, weight category (underweight, normal,
overweight, or obese) with associated study-specific definitions
of categories, TRT (chemotherapy-associated targeted toxicity or
protocol-specific grade 3 or 4 toxicity), TRM, 1-y and 5-y EFS
(time from study enrollment to induction failure, withdrawal,
relapse, secondary malignancy, or death), OS (time from en-
rollment to death from any cause), CIR (time to postremission
relapse), remission rate, and rate of induction failure. Statistical
information extracted consisted of the incidence of each weight
category, as well as the measure of association (i.e., OR and RR),
P values, and adjustment variables included in the multivariable
analyses for each outcome. Data were extracted by one author
(DA) and independently verified by a second author (EJL).

Statistical analysis

Outcomes of interest were studied within each leukemia
phenotype. Studies used BMI to define weight categories
according to age- and sex-specific population norms (2); for
children <2 y of age in whom normative values for BMI were
not available, weight-for-length was reported (Table 1). For
analyses of ALL, outcomes were consistently compared be-
tween children obese at diagnosis (=95th percentile) and those
who were nonobese (<95th percentile), or, alternatively, be-
tween children who were of a BMI greater than or equal to
overweight (=85th percentile) and those who were not over-
weight or obese (<<85th percentile). Analysis of differences
between the 4 wt groups (underweight, normal, overweight, and
obese) for outcomes of interest was not possible, because the
identified studies did not consistently delineate the 4 groups. In
children with ALL, only 2 studies reported the contribution of
underweight to outcomes; the remainder reported on either
overweight/obese or obese compared with normal, thus pre-
cluding an estimate of a dose-effect of obesity on outcome (i.e.,
obese compared with normal, or overweight compared with
normal). Therefore, we compared the effect of a higher BMI
with lower BMI on outcomes of interest. Higher BMI was de-
fined as a single category of studies reporting obese or over-
weight/obese, whereas lower BMI was defined as those not
overweight or obese. Summary measures of association (i.e.,
RRs) were estimated by comparing higher and lower BMI
within ALL for EFS, OS, CIR, and TRT, and within AML for
EFS and OS. When measures of association were not presented
in the manuscript, study-specific RRs and 95% ClIs were cal-
culated with the use of reported crude frequencies, comparing
the highest with the lowest category of each obesity measure for
the intended outcome (i.e., EFS, OS, and CIR). Summary esti-
mates were calculated with the use of a fixed-effects model, in
which study-specific estimates were weighted by the study-
specific variances, and differences between models are noted
when indicated. RRs, weighted by the inverse of the sum of their
variance and the estimated between-study variance component,
were also pooled with the use of a random-effects model (28).
The Q statistic was calculated to test for between-study het-
erogeneity, with the I statistic calculating the proportion of
variation between studies due to heterogeneity (29). Analyses
in ALL were stratified by age; preadolescent and adolescent
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FIGURE 1 Results of search strategy. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia.

patients (=10 y of age) were evaluated for risk differences for older
compared with younger populations. To evaluate whether age af-
fected the association between obesity and survival, we performed
a meta-regression analysis (30). A quality score was computed for
included studies with the use of the NIH Quality Assessment Tool
for Observational Cohort and Cross-Sectional Studies (31). Po-
tential publication bias was evaluated via inspection of funnel plots
(32) and an Egger’s test for small-study effects. Because statistical
power is low for funnel plots, especially when <10 studies are
included in the analysis (28), we also applied the meta-regression
approximation by Stanley and Doucouliagos (33), the precision
effect estimate with SE (PEESE), to reduce the publication bias of
our summary estimates. Sensitivity analyses of the results of each
meta-analysis were performed when =2 studies were available
(i.e., an influence analysis). All statistical analyses were per-
formed with the use of STATA version 12.0.

RESULTS

Search results and study descriptions

In total, 4690 manuscripts fulfilled the initial search criteria
and an additional 2 were identified by review of citations. After

removing duplicates, the titles and abstracts were reviewed by 2
authors (DA and EJL). Of the 107 articles selected for full-text
review and an additional 2 reports identified through review of the
cited references, 10 reporting on leukemia survival met the el-
igibility criteria and were included in the synthesis (ALL, n =7,
AML, n = 3), and 1 additional report met eligibility criteria and
was included only in analysis of BMI-associated TRT (Figure
1). Assessment of the NIH quality score for the included studies
revealed all reports to be of fair to good quality (scoring =9/14)
in design and reporting (Supplemental Table 2). These studies
included a total of 8680 children and adolescents with ALL and
2922 children and adolescents with AML who received treat-
ment during the years 1985-2008 (Table 1).

BMI and ALL outcomes

Six studies were included in the summary estimate of EFS
(Table 2, Figure 2).A statistically significant positive associa-
tion was found between poorer EFS and higher BMI (fixed-
effects RR: 1.35; 95% CI: 1.20, 1.51) compared with those with
a lower BMI. A slight publication bias was observed based on
the funnel plot, but not based on Egger’s test for small-study
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TABLE 2

ORGEL ET AL.

Outcomes and methodology of studies included in the meta-analysis'

Study (reference), country

Outcomes of interest

Statistical methodology

Adjustment variables®

Duration or time
points of follow-up

ALL (n=17)
Aldhafiri (10),
United Kingdom
Baillargeon (11),
United States

Butturini (7),
United States

Ethier (12), Canada

Hijiya (9),
United States

Orgel (13),
United States

Orgel (14),
United States

Niinimaki (15),
Finland

AML (n = 3)
Canner (16),
United States

CIR of obese and overweight

vs. healthy vs. underweight

EFS and OS of obese
(=95%) vs. nonobese
(<95%)

EFS, OS, and CIR of
obese (=95%) vs.
nonobese (<95%)

EFS and OS of obese
(=95%) vs. nonobese
(<95%)

EFS, OS, CIR, and TRT
comparing obese (=95%),
overweight (85-94%),
normal (5-84%), and
underweight (<5%)

EFS and TRT of obese
(=95%) vs.
normal/overweight
(5-94%) vs.
underweight (<5%)

EFS comparing lean
(<85%), overweight
(=85%), and obese
(=95%)

TRT (osteonecrosis)
comparing obese
(=95%), overweight
(85-94%), normal
(5-84%), and underweight
(<5%) at diagnosis

EFS and OS of overweight
or obese (=85%) vs.
normal (5-84%) vs.
underweight (<5%)

Frequencies and P values
reported’

Cox proportional hazards
multivariate regression
model of predictors and
survival time; analyses
further stratified by older
vs. younger age (2-9 vs.
10-18 y)

Cox proportional hazards
multivariate regression
model of predictors and
survival/relapse time;
subset analyses were
performed in an older age
strata (=10 y)

Cox proportional hazards
multivariate regression
model of predictors and
survival time; analyses
additionally stratified into
low-, standard-, or high-
risk groups based on
combination of prognostic
predictors; secondary
subset analyses performed
by leukemia phenotype

Frequencies and P values
reported’

Cox proportional hazards
multivariate regression
model of predictors and
survival time, stratified by
treatment regimen; logistic
regression model of
predictors and weight status
at start of treatment phase

Cox proportional hazards
multivariate regression
model of predictors and
survival time, stratified by
treatment regimen

Logistic regression model of
BMI as a predictor

Cox proportional hazards
multivariate regression
model of predictors and
survival time; analyses
further stratified by age
(<16 y vs. 1620 y)

None

Age (for overall cohort), sex,
WBC, and ethnicity

Age, sex, race-ethnicity, WBC,
and early bone marrow
response

Age, WBC, and cytogenetic risk
group

None

Sex, and CNS disease after
stepwise selection of predictors
(nonsignificant: age, race-
ethnicity, WBC, phenotype,
and disease response)

NCl risk group and end-induction
minimal residual disease after
stepwise selection of predictors
(nonsignificant: age, sex,
ethnicity, trisomy 21, WBC,
and cytogenetic risk group)

Age, sex, and dexamethasone

Race-ethnicity, WBC, and
cytogenetic risk group

Censored at 7.2 y
from study closure

1- and 5-y survival
analyses

Median 7.8 y
(range 0.1-13.3 y)

5-y survival
analyses

Median 10.5 y
(range 2.4-16.9 y)

Median 8.5 y

Median 1.9 y
(maximum 5.4 y)

Post-therapy (NR)

5-y survival analyses

(Continued)
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TABLE 2 (Continued)

Study (reference), country Outcomes of interest

Statistical methodology

Duration or time

Adjustment variables® points of follow-up

Inaba (17),
United States

EFS and OS of overweight
or obese (=85%) vs.
normal (5-84%) vs.
underweight (<5%)

Cox proportional hazards
multivariate regression
model of predictors and
survival time, stratified by

Age, WBC, and FAB 5-y survival analyses

treatment regimen

Lange (18),
United States

EFS and OS comparing
obese (=95%), middle
weight (10-94%), and
underweight (<10%)

Univariate analysis of BMI on
outcomes only

None Median 4.2 y

'ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CIR, cumulative incidence of relapse; CNS, central nervous system; EFS, event-
free survival; FAB, French—American—British classification of acute myeloid leukemia by morphology; NCI, National Cancer Institute; NR, not reported; OS,

overall survival; TRT, treatment-related toxicity; WBC, white blood cell count.

2With the use of ALL- or AML-specific cytogenetic risk groups from historical/validated favorable or poor prognostic mutations (fusions, deletions, or

chromosome number).

3Statistical methodology refers to estimates for BMI exposure; however, HRs and 95% CIs were not reported.

effects (P = 0.116; Supplemental Figure 1A and B). However,
when we applied the PEESE method to correct for publication
bias, we observed a similar association with a 28% (95% CI:
1.16%, 1.41%) increased risk. No significant between-study
heterogeneity was found (*: 34.0%; test for between-study
heterogeneity, P = 0.18). When the analysis was stratified by age
(Figure 3), there was no statistically significant interaction
present (P-interaction = 0.45); however, the risk of an event
appeared slightly stronger in older preadolescents/adolescents
(=10 y of age; fixed-effects RR: 1.54; 95% CI: 1.14, 2.08;
Figure 3) than in younger children (fixed-effects RR: 1.24; 95%
CI: 0.88, 1.73; Supplemental Figure 2). No differences in the
results were found when analyzed with the use of a random-effects

model [EFS—random-effects RR: 1.37; 95% CI: 1.16, 1.62;
older adolescents (=10 y of age)—random-effects RR: 1.54;
95% CI: 1.14, 2.08 compared with younger children (<10y
of age)—random-effects RR: 1.24; 95% CI: 0.88, 1.73].

Similar results were found in analyses of the studies reporting
OS (n = 4) and CIR (n = 3), with a positive association of in-
creased risk of mortality (OS—fixed-effects RR: 1.31; 95% CI:
1.09, 1.58; Figure 2) and for relapse (CIR—fixed-effects RR:
1.17; 95% CI: 0.99, 1.38) in those at a higher BMI compared
with those at a lower BMI. A similar observation was found with
the random-effects model (OS—random-effects RR: 1.52; 95%
CI: 1.04, 2.22; CIR—random-effects RR: 1.13; 95% CI 0.99,
1.28). No significant between-study heterogeneity was present

T
05 1.0

Relative

Study Risk (95% CI)
Event-free Survival
Baillargeon, 2006(11) —_ e 1.08 (0.65, 1.82)
Hijiya, 2006(9) —_— 1.28 (1.08, 1.52)
Butturini, 2007(7) —_— 1.36 (1.04, 1.77)
Ethier,2012(12) 2.56 (1.13, 5.79)
Orgel,2014(13) —_— 1.40(1.13,1.73)
Orgel, 2014(14) > 6.65(1.40, 31.63)
Subtotal (I-squared = 33.9%, p=0.182) <> 1.35(1.20, 1.51)
Overall Survival
Baillargeon, 2006(11) 1.40 (0.69, 2.87)
Hijiya, 2006(9) S 1.56 (0.89, 2.72)
Butturini, 2007(7) —— 1.21(0.98, 1.50)
Ethier, 2012(12) > 4.19 (150, 11.72)
Subtotal (I-squared = 48.8%, p=0.119) <> 1.31(1.09, 1.58)

T T T

20 5.0 10.0

FIGURE 2 Meta-analyses of event-free survival and overall survival according to BMI in childhood acute lymphoblastic leukemia are depicted. The
studies are ordered according to year of study publication, with the black-filled diamonds representing the study-specific RRs and the horizontal line
representing the 95% CI with the use of fixed-effects models. The open diamonds correspond to summary RRs.
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Relative
Study Risk (95% CI)
Event-free Survival
Baillargeon, 2006(11) 1.84(0.77, 4.38)
Butturini, 2007(7) - 1.50 (1.10, 2.10)
= 1.54 (1.14, 2.08)

Subtotal (I-squared = 0.0%, p = 0.666)

Overall Survival

Baillargeon, 2006 (11)
Butturini, 2007 (7)

Subtotal (l-squared = 35.5%, p =0.213 O

2.24 (0.87, 5.77)
1.21 (0.9 1.50)

1.25 (1.01, 1.53)

05 10

2.0 50 100

FIGURE 3 Meta-analyses of event-free survival and overall survival according to BMI in childhood acute lymphoblastic leukemia for those =10 y of
age. The studies are ordered according to year of study publication, with the black-filled diamonds representing the study-specific RRs and the horizontal line
representing the 95% CI with the use of fixed-effects models. The open diamonds correspond to summary RRs.

for either analysis (OS—I*: 48.8%; test for between-study het-
erogeneity, P = 0.12; and CIR—/?: 1.8%; test for between-study
heterogeneity, P = 0.36, respectively). A slight publication bias
was present based on the funnel plots (Supplemental Figure
3A); however, the Egger’s test for small-study effects revealed
no evidence of publication bias (P = 0.145; Supplemental Figure
3B). To account for this, we applied the PEESE method; results
for OS were attenuated and not statistically significant (OS—
RR: 1.14; 95% CI: 0.98, 1.33). In a restriction of analysis of OS
only to children =10 y of age (Figure 3) was consistent with the
remainder of the analysis and showed a significantly increased
risk of mortality associated with a higher BMI (=10 y of age;
fixed-effects RR: 1.25; 95% CI: 1.01, 1.53; 2 35.5%; test for
between-study heterogeneity, P = 0.21). Random-effects
models, however, revealed a similar trend but did not reach the
level of significance (random-effects RR: 1.38; 95% CI: 0.84,
2.25; I*: 35.5%; test for between-study heterogeneity, P = 0.21).
A test for interaction was not feasible because of a single study
reporting the association of lower weight and OS in children
with ALL.

BMI and AML outcomes

Three studies reported on survival estimates for BMI in
children and adolescents treated with pediatric AML regimens
(Table 2, Figure 4). A statistically significant association was
found between children and adolescents with higher BMI at
diagnosis and poorer EFS (fixed-effects RR: 1.36; 95% CI: 1.16,
1.60); results were similar when the PEESE method was applied
(EFS—RR: 1.33; 95% CI: 1.29, 1.36). Minimal between-study
heterogeneity was present (F*: 0.0%; test for between-study
heterogeneity, P = 0.99). Higher BMI was also associated with
increased risk of mortality (OS—fixed-effects RR: 1.56; 95%
CI: 1.32, 1.86). The results were attenuated but still statistically
significant when the PEESE method was applied (OS—RR:
1.32; 95% CI: 1.10, 1.60). No significant between-study

heterogeneity was found (I*: 0.0%; test for between-study
heterogeneity, P = 0.66). Similar findings were observed with
the random-effects model (EFS—random-effects RR: 1.36;
95% CI: 1.16, 1.60; OS—random-effects RR: 1.56; 95% CI:
1.32, 1.86). CIR and age-specific outcomes were not consis-
tently reported across the included studies of AML; thus, no
summary estimates were calculated. Visual examination of
funnel plots and an Egger’s test for small-study effects also
revealed no evidence of publication bias (EFS: P =0.273; OS:
P =0.299; Supplemental Figure 4A and D).

BMI and TRT in leukemia therapy

For pediatric ALL therapy, 3 studies reported on TRT. No
significant association with BMI was found for overall grade 3 or
4 nonhematologic toxicities (TRT—random-effects RR: 1.16;
95% CI: 0.89, 1.52). Significant study heterogeneity was present
(I*: 83%:; test for between-study heterogeneity, P < 0.01); the
analysis was further complicated by the lack of uniform grading
and reporting between regimens. However, an Egger’s test did
not provide evidence of small-study effects (P = 0.523). Review
of the toxicities reported in individual studies revealed obesity to
be associated with an increased risk of pancreatic and hepatic
toxicity on some ALL regimens (13), but no increase in severe
toxicity or TRM on others (7, 9). A single study reporting on
osteonecrosis as a targeted toxicity also reported the greatest risk
to be present in the obese, particularly in female patients (15).
No study reported a significant association of higher BMI with
the incidence of infectious complications, supportive care re-
quirements, or risk of TRM during ALL therapy (7, 9, 13). In
contrast, a significantly greater risk of TRM was reported in
overweight/obese children and adolescents on pediatric AML
regimens compared with those of normal weight, primarily be-
cause of infection (16, 17). Comparisons of organ toxicity be-
cause of chemotherapy between obese populations in ALL and
AML were not possible, because AML studies reported only
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Relative
Study Risk (95% CI)
Event-free Survival
Lange, 2008(18) —_— 1.35 (1.04, 1.75)
Inaba, 2012(17) — 1.40 (0.96, 2.04)
Canner, 2013(16) —_— 1.36 (1.08, 1.73)
Subtotal (l-squared = 0.0%, p = 0.987) <> 1.36 (1.16, 1.60)
Overall Survival
Lange, 2008(18) —_— 1.46 (1.11, 1.92)
Inaba, 2012(17) _— 1.84 (1.22,2.78)
Canner, 2013(16) —_— 1.56 (1.21, 2.03)
Subtotal (l-squared = 0.0%, p = 0.658) O 1.56 (1.32, 1.86)
T T T T
0.5 1.0 2.0 5.0 10.0

FIGURE 4 Meta-analyses of event-free survival and overall survival according to BMI in childhood acute myeloid leukemia are depicted. The studies are
ordered according to year of study publication, with the black-filled diamonds representing the study-specific RRs and the horizontal line representing the 95%
CI with the use of fixed-effects models. The open diamonds correspond to summary RRs.

TRM. Of note, an interim analysis for one included AML study
(6) reported nonfatal toxicity as well, and did not find an in-
creased incidence of hepatotoxicity.

DISCUSSION

This meta-analysis supports the existence of an adverse as-
sociation between overweight and obesity (as characterized by
higher BMI), with poorer survival in pediatric ALL and AML.
The effect was present across all ages and in both leukemia
phenotypes. In ALL, the association appeared to be greater in
preadolescent and adolescent patients than in younger patients,
although the formal test of interaction did not reach statistical
significance; thus, the biological effects of obesity may occur
irrespective of age, but additional research focused specifically
on potential variability of this effect by age is required. The
decreased OS associated with higher BMI for children diagnosed
with ALL is consistent with the marked increased risk of relapse
in the group, because relapse of disease remains the no. 1 cause of
death in pediatric ALL (34). In AML, a higher BMI was asso-
ciated with a risk of both poorer EFS and OS, although a specific
assessment of relapse risk was not available. In contrast with the
previous review (19), this analysis included a relatively uniform
population for study from high-income countries. Importantly,
variables that have a direct effect on outcome analyses, such as
access to medical care and food security, are not likely to differ
widely in the studied population. The overall strength of these
findings is supported by the minimal between-study heteroge-
neity in the analyses. Moreover, the majority of the included
population was drawn from randomized clinical trials with clear
protocol-defined survival endpoints. The significant association
between BMI and survival of pediatric leukemia was thus clearly
evident despite a small number of studies.

Although significant, the specific nature of the association
between BMI and leukemia outcomes remains to be elucidated.

In ALL, the association with risk of relapse suggests that an effect
of obesity on disease response is contributing to the association
with poorer survival. In AML, the included studies reflect that the
association with survival from AML instead may be due to
greater TRM in overweight and obese children rather than di-
minished therapeutic efficacy and relapse (16—18). In the era of
modern supportive care, however, it is unclear whether de-
creased rates of TRM and/or increased sensitivity of measuring
disease response by immunophenotyping with flow cytometry
(35) may yet reveal an association with risk of relapse in future
studies as well.

Several hypotheses for a biological mechanism of the effect of
obesity on leukemia therapy have been reported. Data from
preclinical (36) and limited clinical settings (37, 38) suggest
pharmacokinetic variation in the metabolism of common che-
motherapy agents in the obese, yet prospective trials have found
no such differences by BMI (9) or in those dosed with actual
compared with ideal body weight (39-41). Other hypotheses
focus on the effects of obesity on both the leukemia microen-
vironment and the host. Obesity is associated with over-
expression of the insulin/insulin-like growth factor I and II axis
(42), which may influence both leukemia initiation events and
disease progression (43). Epidemiologic studies lend support to
this hypothesis, with increased incidence of leukemia and can-
cers in diabetic populations (44) and in children of high birth
weight (45), both of which have a high expression of this axis.
Alternatively, the obesity microenvironment and adipokine re-
ceptors on blasts may contribute to leukemia resistance (46-48)
or even directly activate multiple leukemogenic pathways (49).
The pathophysiology of obesity’s influence on leukemia is most
likely multifactorial, combining elements from all of these
various implicated pathways.

Although this meta-analysis presents evidence of the presence
of an adverse association of obesity with poorer outcomes from
pediatric leukemias, the analysis was complicated by inherent
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limitations within the published literature. Despite the large
number of publications found on obesity, few focused on the
outcome of interest, and the risk of publication bias cannot be
excluded. Our search term strategy was restricted to AML or ALL
specifically; thus, we may have missed studies having a more
general title of “cancer” during title review. However, we re-
viewed all references of included articles to reduce the likeli-
hood of missing relevant studies. The review criteria resulted in
the exclusion of articles that were conducted in middle- and low-
income countries. We believe this criterion is important to reduce
heterogeneity in baseline treatment outcomes and nutritional
status across countries. In addition, a formal evaluation for
publication bias based on funnel plots, Egger’s tests, and PEESE
did not reveal any convincing evidence that our summary esti-
mates were greatly affected by publication bias except for the
association between obesity and ALL OS. When applying the
PEESE method, the association was suggestive of a positive as-
sociation but it was not statistically significant. We also acknowl-
edge that, although included survival estimates were primarily the
products of multivariable analyses already incorporating the most
influential host and leukemia biology variables (Table 2), not all
studies adjusted for all potential confounders (and for 3 studies in
the meta-analysis, manually calculated estimates were used). Thus,
we cannot rule out uncontrolled confounding by an unknown or
unmeasured factor (e.g., socioeconomic status or ethnicity) or
residual confounding from measurement error in the included
covariates. Variables such as ethnicity and socioeconomic status
have been associated with clinical outcomes in pediatric leu-
kemia, and their absence in studies to date is noteworthy in it-
self; these variables should be considered in future studies
evaluating BMI on clinical outcomes. We would also note that,
although the majority of the data were extracted from children
accrued to prospective trials (94%), the meta-analysis included 3
retrospective studies as well. Nonetheless, the strengths of our
overall findings are supported by the consistency of the esti-
mates across studies conducted at different international centers
and populations and applying different modeling strategies.
Studies of the influence of BMI on survival were also conducted
as secondary analyses and thus introduced the potential for
missing data. We would contend it to be extremely unlikely,
however, that the probability of missing data depended on the
missing data itself (i.e., nonignorable missingness). In the ma-
jority of studies, exclusion from the analyses primarily was due
to a clinical circumstance [=6% in only 1 study (16)] with only
a small number of participants ineligible because of missing/
irreconcilable height and weight data (<3% within the in-
dividual prospective trials). The risk of directed bias skewing the
findings of this meta-analysis is thus minimal. We did not ob-
serve any statistically significant heterogeneity in our main
findings, but because studies did not consistently examine the
effect of BMI-defined weight groups (e.g., obese compared
with normal, or overweight/obese compared with normal/
underweight), we cannot exclude some hidden heterogeneity from
the necessary use of combined risk estimates; this also precluded
examination for a possible dose-response relation between
levels of underweight, overweight, and obesity and survival
outcomes. Finally, we cannot rule out index event bias, in which
paradoxical observations of risk factors (e.g., obesity) are ob-
served for incidence and for recurrence, thus biasing the anal-
yses toward finding an absence of association (50). If such an

index event bias were present, however, this would suggest that
the true risk of obesity on survival may even be stronger that
reported here (51).

Obesity rates are both prevalent and stable worldwide (22). The
pervasive influence of obesity in society and on cancer clinical trials
has transformed it to an area of priority research for the National
Cancer Institute and American Society of Clinical Oncology (52).
This meta-analysis supports a significant adverse association of
overweight and obesity on survival of pediatric leukemia. Pro-
spective investigation is necessary to gain additional insight into the
mechanism of obesity’s influence on ALL and AML therapy,
shared or otherwise, with the overarching goal of providing a ra-
tional intervention to improve outcomes in this at-risk population.
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